Introduction 1
Fall-sown genotypes of cereal crops such as rye (Secale cereale L.), wheat 2 (Triticum aestivum L.), barley (Hordeum vulgare L.) and oats (Avena sativa L.) are 3 generally preferred by growers over their spring planted counterparts. A fall-planted crop 4 usually has a higher yield and allows the opportunity to plant a second crop in areas 5
where it can be harvested sufficiently early in the season. After the crop germinates in 6 the fall, low, above-freezing temperatures induce cold-acclimation which makes fall-7 sown genotypes better able to withstand freezing temperatures during winter. 8
In addition to cold-acclimation, low temperatures also stimulate vernalization. 9
This ensures that when temperature and day-length requirements are met in the spring 10 (Zadoks growth stage 30; Zadoks et al., 1974) , the plant will enter a reproductive phase 11 and flower. Once the plant enters a reproductive phase, the mechanisms whereby cold-12 acclimation is induced are suspended (Limin and Fowler, 2006; Mafoozi et al., 2001 ) 13 and the plant reverts to approximately the freezing tolerance of a non-acclimated plant. 14 Because the plant has lost most of its freezing tolerance and can no longer cold-15 acclimate, an unexpected freeze can cause considerable damage to the plant, particularly 16 during Zadoks growth stages 35 to 47 when the developing head is in the boot. 17
Information on the extent of damage due to spring-freezes is somewhat anecdotal 18 and varies widely depending on weather conditions and stage of reproductive 19 development. Losses from 30% to as high as 90% have been reported (Al-Issawi et al., 20 2012; Frederiks, et al., 2015; Fuller et al., 2007; Thakur et al., 2010) . In contrast, yields 21 in Kansas (Paulson and Heyne, 1983) and Oklahoma (Chatters and Schleuhuber 1953) , 22 were reportedly higher in years when late spring freezes occurred. However, it is not 23 clear how yields were impacted in specific areas of fields where freeze damage was 24 originally observed. 25
With the exception of Reinhiemer et al. (2004) 
who made comparisons in field 26
observations between barley plants at the same growth stage, most differences were 27 observed between cultivars at different growth stages. Because early maturing cultivars 28 consistently suffered more damage than those maturing later, differences between 29 cultivars were considered to be due to differences in growth stage (Fredericks et al., 30 2015; Shroyer et al., 1995) This led to the conclusion that "little or no difference exists 31 in susceptibility of wheat varieties at the same growth stage and therefore little 32 opportunity to increase freezing resistance in improved varieties" (Shroyer et al., 1995 (Table 1) were subjected to the same freezing procedure. 23
Whole plants in cone-tainers were placed in a freezer at 20°C with stems, leaves, 24 and heads exposed to the air. A convective type cooling process was used to provide 25 uniform cooling throughout the plant canopy and reduce gradients that would have 26 confounded results (Reinheimer et al. 2004) . Our purpose was to develop the simplest 27 procedure that would allow screening multiple genotypes. The similarity of our results to 28 those of Fuller et al. (2009) led us to conclude our procedure was a reasonable 29 approximation of what would also be expected under radiative conditions. 30
The temperature inside the freezer was taken from 21°C to -6°C over a 9 hour 31 period to simulate a sudden freeze. To measure the temperature within heads, copper-32 constantan thermocouples were inserted into the center of the head on selected plants and 1 temperatures were monitored on a computer. 2
When the freezer temperature reached 0°C, plants were misted with water and 3 after freezing were visually inspected to ensure that all plants were covered with frost. 4
The temperature was reduced to -6°C at 4.5C/h and held there for 2h. It was then raised 5 back to 21°C in 5 hours. 6
Plants were left to mature in a greenhouse for 3 to 4 weeks before being 7 evaluated. Plants were watered every other day until they began to turn yellow or brown. 8
Many plants that were freeze-damaged grew new tillers during recovery but only the 9 head from the single, primary tiller was assessed for freezing survival. 10
Spring-freeze survival was measured as the number of mature, plump seeds in the 11 head of the primary tiller. The total number of seeds from 10 plants was averaged for 12 each genotype for each rep for a total of 20 plants for each genotype per replication in the 13 large experiment (supplemental Table #1 Two week-old NA seedlings were frozen at -8°C by sprinkling ice shavings over 29 plants and placing conetainers with the seedlings into modified upright freezers at -3°C. 30
Soil in the cone-tainers took about 18h to completely freeze as determined by 31 temperatures monitored using thermocouples placed in the soil. The temperature was 32 then lowered 1C/h down to -8°C. After being held there for 2h it was raised to 3°C at 33 2C/h. After thawing, plants were allowed to recover for 3 weeks at 13°C and rated on a 1 scale from 0=dead to 4=undamaged. Freezing always began in the soil when the chamber was between -0.5 and -3.0°C and 8 always before any plant part froze (Supplemental Video #1). Despite leaves being at a 9 lower temperature and covered with frozen water droplets, freezing almost always began 10 at the base of the stem and proceeded upward into the leaves (Supplemental Video 1&2). 11
Out of 36 plants that froze while being imaged with IR, only two froze from the top 12 down. Hacker and Neuner (2007) We frequently observed a minor freezing event that was restricted to the lower 19 part of the stem (crown) just after the soil froze (Supplemental Video #1). But, freezing 20 did not proceed up the stem into the rest of the plant until the temperature was 2 or 3 21 degrees lower, if the plant froze at all. How some plants were able to resist ice growth 22 from the crown into stems that are at the same or a lower temperature is unknown. But 23 histological analysis of cereal crowns in a vegetative stage of growth show a considerable 24 diversity of cell/tissue types (Livingston, et al., 2013; Tannino and McKersie, 1985) with 25 some winter cereals having a spherical layer of cells that apparently act as a barrier 26 between live and dead tissue during recovery from freezing. Various parameters such as 27 pore size and length of water conducting vessels as well as other structural barriers can 28 have an effect on ice propagation (Aloni and Griffith, 1991; Hacker and Neuner, 2007; 29 Wisniewski et al., 2014; Zamecnik et al., 1994) . In addition, a significant difference 30 between regions of the crown in carbohydrate content (Livingston et al., 2009) and 31 protein expression (Houde et al., 1995) as well as antifreeze proteins (Wisniewski et al., 32 2014) was reported during vegetative growth stages. More research will be needed with 33 wheat in the reproductive phase to determine precisely how ice propagation is promoted 1 or restricted in various tissues. 2
As the temperature was reduced to about -3 to -5°C, ice formation began in the 3 outermost, or oldest, leaf sheath at the bottom of the plant ( Fig. 2B and Supplemental 4 videos) and then proceeded to the tip of that leaf. This sequence occurred despite the 5 presence of frost on all leaves and stems. When the outermost leaf had frozen nearly to 6 the leaf tip, the next younger leaf sheath on the stem began to freeze and proceeded along 7 the full length of that leaf (Supplemental Video #1). This pattern repeated itself until the 8 entire plant had frozen. Hacker and Neuner (2007) reported an "age-dependent freezing 9 pattern" and demonstrated that ice nucleation temperature was significantly lower in 10 immature leaves of Eucaliptus pauciflora than in older leaves and that freezing was 11 always slower in current year stems than in previous year stems of Fagus sylvatica. They 12 reported similar results with the evergreen Taxus bacatta (Hacker and Neuner, 2007) . 13
Wheat is clearly an annual species and older leaves are only a few days more advanced 14 than younger leaves but, our results seem to agree with the observation that older leaves 15 freeze before younger ones. Usually, once the outermost leaf froze, the remaining leaves 16 quickly froze in sequence but we observed several instances when the oldest leaf froze 17 but the rest of the plant super-cooled (see Fig 2A, arrows for one example and 18 supplemental video #1). 19
When plants froze at -6°C it took from 25 to 30 seconds for freezing to progress 20 from the base of the plant to the tip of the topmost leaf. Ice propagation in individual 21 leaves was considerably faster at 2.0 to 2.5 cm per second. Single and Marcellos (1981) 22 mention propagation rates of up to 2 cm per sec in non acclimated wheat which, they 23 state, is equivalent to that in pure water. 24
Once this initial freeze of the entire plant occurred, a more prolonged freezing 25 began in all parts of the plant simultaneously (Supplemental Video #1). Hacker and 26
Neuner, (2007) described two phases of ice propagation with initial freezing in 27
Eucalyptus pauciflora leaves that tracked the vascular system and then a subsequent 28 prolonged freeze event that encompassed the mezophyl. Pierce and Fuller (2001) 29 describe a similar two-event freezing pattern in barley. Ashworth et al. (1995) suggest 30 that freezing begins in veins because they contain more water than other tissues. 31
About half way through the initial freezing phase a barrier appeared at the node 32 below the head (Fig. 3i, arrow) . Single and Marcellos (1981) describe a nodal block that 33 was able to prevent the head from freezing down to -7°C. In our case the node did not 1 appear to prevent freezing into the head; but, the heat signature was very prominent up to 2 the base of the node with the node itself not freezing for at least several minutes. Before 3 this node was apparently breached, a second node above within the flag-leaf covering the 4 head began to freeze (Fig 3m-p, see arrow in p) . This node was directly below the head 5 and in some freeze tests appeared to delay freezing into the head. Nodal blocks in several 6 plant species that slowed the spread of ice were described by Wisniewski et al (2014) . 7 Fuller et al (2007) described a pause in freezing at a node in wheat but reported that in 8 some cases it prevented the head from freezing. We never observed this node to prevent 9 freezing of the head but it is possible that at a different temperature or growth stage this 10 node may act as a barrier to freezing as suggested (Fuller et al, 2007) . 11
When whole plants froze, freezing in the head began slowly and appeared to 12 envelope the entire region of the head in compartments as if florets were freezing 13 separately (Fig 3u, arrow; supplemental video #2 ). This suggests barriers may exist 14 within the rachis of the head as described by Single and Marcellos (1981) To confirm which plants had frozen, we continued IR imaging through the 21 thawing process. As the freezer temperature approached zero, plants which had frozen, 22 warmed at a slower rate than those which super-cooled due to the presence of ice 23 (particularly in heads). Consequently frozen plants remained darker (cooler) than the 24 background as the temperature was raised above 0.0°C (Fig 4a) . In all cases where whole 25 plants froze the region containing heads was the last to thaw. 26
Even though plants all froze at different temperatures, all plants thawed at the 27 same temperature. This allowed a single image at 0.5°C to confirm which specific plants 28 froze. Or, more precisely, the image identified which plants still had ice in the head as 29 the background temperature was raised above zero. 30
Plants that had frozen (Fig. 4a , white arrows) quickly died and heads never 31 matured (Fig 4b, stems from plant which had frozen "f"). Those that super-cooled (Fig  32 4a , black arrows) produced a head that was partially or nearly completely fertile 1 depending on the genotype (Fig. 4B and (2007) state that it is a common mistake to assume all plants exposed 6 to freezing temperatures will freeze and that they will freeze at the same temperature. 7
We agree because we found that even though the soil containing plants always froze 8 between -0.5 and -3°C (Supplemental Video #1) not all plants subsequently froze even 9 when temperatures were reduced to -6°C. We monitored freezing in 40 individual plants 10 of Merl and 40 of AG2056 (see Table 1 Super-cooling is a freeze avoidance mechanism that normally prevents freeze-20 damage in plants (Wisniewski et al., 2014) . However, in this study we found seed set to 21 be significantly reduced in florets that had super-cooled (Table 1) . Fuller et al. (2009) 22 reported that up to 90% of plants exposed to freezing temperatures (-6°C) super-cooled 23 even when plants were misted and droplets of water had frozen on leaves and stems. 24
They reported that seed-set in super-cooled plants were significantly lower than those in 25 unfrozen controls (Fuller et al., 2009) 
. 26
While it is possible that a minor, undetectable (at our resolution) freeze event 27 occurred in a critical region of some florets, this seems unlikely considering the intense, 28 visually obvious freeze event that spread throughout the head of plants that froze (Fig. 2,  29 3 and Supplemental Videos 1,2). While Al Issawi et al. (2012) observed partial freezing 30 in heads that had been detached from plants, we never observed partial freezing of heads 31 in intact plants. Nor did we observe freezing of stems up to node(s) below the head 32 without freezing in the head as was described by Fuller et al. (2007) and Single and 33 1 partial freezing but under conditions described here, without exception, plants which 2 completely froze died within 7 days and heads consequently never matured (Fig 4b) . particularly rice. These include "disruption of meiosis, tapetal hypertrophy, anther 7 protein degradation, pollen sterility and pollen tube disruption" (Thakur et al., 2010), any 8 of which could lead to partial or complete floret sterility. It seems reasonable to assume 9 that similar effects may be operative in wheat florets that were super-cooled. Research is 10 continuing to determine the specific damage to florets caused by super-cooling. 11 12
Genotypic Differences 13 14
Typical spring-freeze injury in wheat has been described as leaf chlorosis, white 15 awns, spikes trapped in boot, damage to lower stems and other effects on vegetative 16 structures (Shroyer et al., 1995) . While we observed all these effects (not shown) in our 17 controlled freeze tests, floret sterility, resulting in low or no seed-set, was the most 18 convenient quantitative measure of damage. Hence, we evaluated freeze damage by 19 counting the number of seeds at maturity in the heads of plants that had been exposed to 20 freezing temperatures. Based on a sample of plants that were imaged by IR during 21 freezing we determined that plants with heads containing seeds were those that super-22 cooled. Therefore, even though we describe our results as "freezing tolerance" it could 23 be argued that seed counts are actually a measure of freeze-avoidance. 24 25
Seed Counts 26 27
The freezing tolerance (Lt 50) of cold-acclimated (vegetative growth stage) wheat 28 under our controlled conditions was about -18°C (Table 1) . However, as plants became 29 reproductive and entered the boot stage, a dramatic reduction in freezing tolerance 30 occurred with a decrease in seed count as well as whole plant survival after being 31 exposed to freezing temperatures at -6°C (Table 1) . This was not unexpected since it is 32 well established that winter cereals loose much, if not all their acclimation after 33 transitioning from a vegetative to a reproductive growth phase (Limin and Fowler, 2006) . 1 It is possible that at different reproductive growth stages, genotypes differ in their ability 2 to withstand spring freeze damage (Shroyer et al., 1995) . Al Issawi et al., (2012) 3 evaluated wheat for spring freeze tolerance at a later growth stage (Z59 and Z65) and 4 reported reductions in fertility in plants exposed to freezing as we observed here. 5 However, they did not report differences in fertility between genotypes. 6
While there were significant differences in seed count between genotypes that 7 were exposed to freezing temperatures (Table 1 ) most of the 90 genotypes initially 8 evaluated had from 7 to 18 seeds per head (Supplemental Table 1 ) and were not 9 significantly different from each other. Of the 10 genotypes evaluated (Table 1) , three 10 had approximately 20 seeds per plant; these three had significantly higher seed counts 11 than the five lowest which had around 5 seeds per plant. 12
In unfrozen plants, 50 seeds per head are supposedly typical of European wheat 13 (Al Issawi et al., 2012) , but seed counts as low as 22 per head have been reported as 14 normal in winter wheat (Lyon and Kein, 2007) . Under the conditions used in this study, 15 unfrozen control plants had an average of 24 seeds per plant, and ranged from 21 to 28 16 (Table 1) . Because we did not detect significant differences (p=0.05) between unfrozen 17 genotypes we assumed 24 seeds per head to be an average control seed count for all 18 plants not exposed to freezing temperatures. This means that even the hardiest genotype 19 (Progeny 870) had a 17% reduction in seed set when exposed to freezing temperatures. 20
The least hardy (AG South 2038) had an 83% reduction in seed set. 21
Resistance to spring freeze damage (reduced seed set) under controlled conditions 22 was apparently not related to heading date (Table 1) because mid and late maturing  23 genotypes evaluated under field conditions did not correlate to simulated spring-freeze 24 tolerance. Of the 90 genotypes evaluated in the NC-OVT only 10 were categorized as 25 "early" in field evaluations (Fig 5) and their seed counts ranged from a high of 20 to a 26 low of 8 seeds per head. Conversely seed counts in late maturing genotypes ranged from 27 25 to zero (Fig 5) . This suggests that seed set after freezing is not closely linked to 28 maturity and while the heritability of spring freeze tolerance is currently unknown it 29 should be possible to transfer this trait into existing cultivars without affecting maturity. 30 31
Whole plant survival 32 33
While most plants did not freeze under our conditions, those that did freeze, as 1 evidenced by a visible exotherm (Fig 2) , died within days after thawing and consequently 2 the head never matured (Fig 4) . These plants were analyzed as either alive or dead using 3 a Chi Square. 4
The chi square calculated from a 10x2 contingency table was 29.296 with 9 5 degrees of freedom (P=0.0006), so we must conclude that the lines varied in their percent 6 survival from the mean of 35.5/40=88.8%. There were two statistical groupings 7
(designated "a" and "b" - Table 1 ) among the ten lines: those ranging from percent 8 survival of 92.5 to 87.5 (a) falling into both groups, i.e., not differentiable from the 9 highest (100%) and lowest (72.5%) (b) survival rates (Table 1) . 10
Fuller et al. (2007) reported differences between two wheat cultivars for 11 nucleation and freezing when plants were misted with distilled water prior to freezing but 12 found no differences in the presence of Psudamonas syringe which is a well known 13 extrinsic nucleator (Wisniewski et al., 2014) . In our case, all plants were misted with tap 14 water at 0°C and we do not know if extrinsic nucleation played a role in plants freezing. 15
Because the freezing resistant plants did not in fact freeze (that we could see) we propose 16 that this response to freezing temperatures is also a case of freeze avoidance. 17 Interestingly, plants that had high seed counts (super-cooled) were not necessarily 18 those with high whole-plant survival. For example Progeny 870 was the genotype with 19 the highest seed count (Table 1) and was also the genotype with the highest whole plant 20 survival. However, AG South 2056 also had a high seed count but had a significantly 21 lower whole plant survival. Conversely, AG South 2038 had the lowest seed count 22 (Table 1) , but had 100% whole plant survival. This indicates that there are two distinct 23 mechanisms that determine two different responses to below freezing temperatures. One 24 response was related primarily to tissues within the floret that reflected a tolerance of 25 low, non-freezing temperatures (assayed by seed counts) and one with the ability to 26 prevent freezing in the plant. Additional research would be necessary before speculating 27 on the importance of intrinsic or extrinsic ice nucleators and/or anatomical or chemical 28 factors in differences between genotypes. 29 30
Relationship of winter-freeze to spring-freeze 31
Two genotypes with the highest spring-freeze tolerance also had high vegetative 1 freezing tolerance (cold-acclimated); however overall, this was not the case (Table 1) . 2 Merl, and USG 3251 had excellent cold-acclimated freezing tolerance but poor spring-3 freeze tolerance. Conversely, P117 and AgriMAX1342 had a high level of spring-freeze 4 tolerance (seed count) but low winter-freezing tolerance. We wondered if non-5 acclimated, 2-wk-old seedlings may have some inherent low level of tolerance that would 6 be correlated to that in the reproductive phase but this was not the case, either in seed 7 count or in whole plant survival (Table 1) Table) at the same growth stage that were exposed to freezing conditions (-6°C) in a 17 simulated spring freeze event. The maturity of each genotype was evaluated separately 18 under field conditions. Note that all 3 maturity levels have both high and low seed set, 19
suggesting that response to freezing (with regard to seed set) is not closely linked to 20 maturity. The 10 genotypes in Table 1 Table) . A. Cold-acclimated and B. Non-acclimated 2 week 24 old seedlings. Note that no relationship was apparent under either cold or non-acclimated 25 conditions. 26
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